We report results from an ongoing search for cold dark matter axions using a single resonant cavity in a large magnetic field for the purposes of stimulating axion decay. Potential candidates were investigated in 750 Hz intervals over the frequency range 550 ≤ f ≤ 810 MHz (2.3 µeV ≤ m a ≤ 3.4 µeV). From the lack of a persistent signal, we conclude that KSVZ axions contribute no more than 0.45 GeV/cm 3 to the dark matter halo density over this frequency range.
1. introduction Diverse astrophysical measurements involving the Sunyaev-Zel'dovich effect (Grego et al. 2001) , strong gravitational lensing () and galactic flows (Zehavi and Dekel 1999) all suggest that the matter content of the universe is predominantly in the form of cold dark matter (CDM). Big Bang nucleosynthesis calculations ) and measurements, .e.g., sharply limit the total baryonic content, thus the dominant matter content must be non-baryonic as well. Independent confirmation of this picture is derived from both the cosmic microwave background radiation (CMBR) power spectrum (de Bernardis et al. 2000; Hanany et al. 2000) and Type Ia supernovae data (Perlmutter et al. 1999; Reiss et al. 1998) .
Models of structure formation are consistent with observation only if cold dark matter laid the foundation for galaxy formation prior to recombination. Nearly thirty years after observation of anomalously large rotation rates independently suggested the presence of dark matter halos around galaxies (Rubin et al. 1970) , experiments have begun to acquire the requisite sensitivity to confirm or preclude possible halo candidates. Two categories of particle dark matter candidates have survived experimental and theoretical scrutiny over time: the lightest supersymmetric particles (Goldberg 1983; Ellis et al. 1984 ) and the axion (Peccei and Quinn 1977) , while neutrinos and other forms of hot dark matter are thought to contribute insignificantly to the closure density. In this paper we present upper limits on the contribution of the axion to the local halo density based on results from an ongoing search for cold dark matter axions.
axion physics
First proposed by Peccei and Quinn (Peccei and Quinn 1977) , the axion is a Goldstone boson associated with the spontaneously broken global U P Q (1) symmetry designed to prevent strong CP-violation. Due to QCD anomalies, the axion acquires a mass that scales inversely with the (unknown) energy scale f P Q at which symmetry breaking occurs (Weinberg 1978; Wilczek 1978) . Initially the axion mass was identified with the electroweak energy scale, but such massive axions were quickly ruled out in beam dump experiments. Subsequently, it was proposed that axions possess such small couplings to matter that for all practical purposes they would remain forever "invisible". This remained the state of affairs until 1983, when an experiment was proposed that would, in principle, make even very light axions detectable (Sikivie 1983 ). The U.S. axion search experiment, located at Lawrence Livermore National Laboratory, is predicated on this approach whereby the axion decays into a single photon via the Primakov effect. The strength of this coupling depends on how axions couple to baryonic matter: in the KSVZ scheme (Kim 1979; Shifman et al. 1980 ) the axion couples only to hadrons at tree level, while in the GUTs inspired DFSZ model (Zhitnitsky 1980; Dine et al. 1981) it couples also directly to leptons.
Axion production in the early universe falls into three categories: via string decay (), thermal production (Battye Shellard 1994) , or the so-called vacuum misalignment mechanism (Preskill et al. 1983) . In the latter scheme, misalignment of the (random) axion phase with the CP-preserving minimum at Λ CQD gives rise to 1 coherent oscillations. Thus, axions are produced nonthermally as a Bose-Einstein condensate as the universe passes through the Peccei-Quinn phase transition. Under this scenario the axion makes the following contribution to the critical density
The distribution in neutrino arrival times from SN 1987a places the most stringent upper limit on the axion mass. Axions with a mass greater than ∼ 10 −3 eV would have sufficiently cooled the interior of the collapsing star and limited the observed neutrino burst to less than the observed time of ∼ 10 seconds (Turner 1998 ). The lower axion mass limit comes from the observation that the axions should not overclose the universe. The allowed mass window of 10 −6 ≤ m a ≤ 10 −3 eV coincides with the range over which the axion would make a non-negligible contribution to the closure density. The inverse dependence of Eq. 1 on axion mass dictates our search strategy.
axion dark matter halo
Flat rotation curves (Sofue and Rubin 2000) coupled with high inferred values for the mass to light ratios (Takamiya and Sofue 2000) suggest that dark matter halos dominate the mass of most spiral galaxies. Estimates of the total mass of our own galaxy are complicated by our location within the galactic plane. Nevertheless, various measurements of the mass of our galaxy are consistent with a simple isothermal sphere model in which the dark matter halo extends 200 kpc or more beyond the galactic center (Zaritsky 1998) . Converting the mass into a reliable mass density is somewhat more problematic since the galactic volume is poorly defined. One way around this difficulty is to parameterize the density distribution and reject distributions which fail to match observational constraints (Gates et al. 1995) . Using this methodology, one arrives at a halo density of 9.2 +3.8
−25 gm/cm 3 . To accommodate uncertainties we employ a conservative value of 7.5×10
−25 gm/cm 3 (0.45 GeV/cm 3 ) in our analyses for the axion dark matter halo density.
experimental technique
The Lagrangian governing the axion decay can be written as
where g aγγ is the axion coupling to two photons, a is the axion field and E and B represent the electromagnetic fields. Due to an extremely very small coupling, axion decay occurs over a time scale that is many times longer than the present age of the universe. To circumvent this difficulty, Sikivie proposed construction of a resonant cavity threaded by a strong magnetic field, where the large number density of virtual photons from the field enhance axion decay (Sikivie 1983 ). In our experiment, a high-Q resonant cavity and superconducting magnet mediate the coupling of the axion into two photons. The equation of motion derived from Eq. 2 is formally equivalent to a classically driven harmonic oscillator, provided the cavity dimensions are small compared to the axion wavelength (∼ 100 m). Since the axion mass is, a priori, unknown, resonant frequencies are changed by moving either ceramic or metallic tuning rods around a fixed pivot point. For a critically coupled resonant cavity with quality Q, the axion-to-photon conversion power (in Watts) is given by
(3) where V is the volume, B 0 is the magnetic field, g γ is the reduced coupling constant, ρ a is the axion halo density, T n is the system noise temperature, ν is the cavity resonant frequency and min(Q w , Q a ) is the minimum of either the cavity or axion quality factors. Halo axions posses a virial velocity ∼ 10 −3 v/c and an energy dispersion ∼ 10 −6 . The total power that results from Eq. 3 (∼10 −22 W) would be overwhelmed by thermal noise if the cavity and preamplifiers were not maintained at cryogenic temperatures. At present, we employ amplifiers which have a noise temperature of a few degrees Kelvin.
The power deposited in the cavity by resonant conversion in Eq. 3 depends on the local halo density. Once specified, the Dicke radiometer equation dictates the integration time necessary to achieve a specified signal-to-noise ratio (SNR) as
where P a is the axion power from Eq. 3, δ n is the noise power, t is the integration time and B is the axion bandwidth (defined as Q a /f ). The actual width of ∼ 750 Hz corresponds to six bins in our Fast Fourier Transform spectra. In practice, the left hand side of Eq. 4 is obtained by injecting artificial peaks into our data and determining the cut level necessary to obtain a confidence limit ≥90%. As the cut threshold is lowered, the number of peaks that must be considered as potential candidates increases rapidly. A typical cut threshold of 2.3 σ applied to our first scan data yields numerous candidates which are then rescanned to obtain a confidence level commensurate with the first run data. From the combined first scan and rescan data a reduced set of candidates is generated and scanned at the corresponding frequencies. A final round of combining produces a persistent candidate list.
Candidates that cross a threshold of 3.5 σ are manually inspected. All persistent candidates to-date either have been identified with strong radio peaks (Peng et al. 2000) .
5. results On the basis of Eqs. 3 and 4 we have excluded a KSVZcoupled axion over the range 701 ≤ f ≤ 800 MHz with 90% confidence using an axion halo density of 0.45 GeV/cm −3 (Hagmann et al. 1998) . In this paper, we fix the axion-tophoton coupling at the KSVZ level and instead invert the problem by using the excluded power to place restrictions on the axion contribution to the local halo density. With nearly continuous operation with a single cavity over a period of 3 years we have extended our data to encompass the region 550 ≤ f ≤ 810 MHz. The absence of a persistent signal in these data over this range allows us to impose limits on the axion galactic halo density shown in Fig. . In this figure we show our present sensitivity to both KSVZ (upper curve) and DFSZ (lower curve) axions. Excursions below the upper line represent regions with integration times somewhat longer than that prescribed by Eq. 4.
The nominal excluded density lies around 0.45 GeV/cm 3 , a value which is somewhat more restrictive than the best estimate of the local halo density.
6. conclusions Using a single resonant cavity we have searched for axions which presumably constitute the local dark matter halo over the frequency interval 550 ≤ f ≤ 810 MHz. Subsequent analysis of these data and the lack of a persistent candidate allow us to exclude the axion from contributing more than 0.45 GeV/cm 3 to the halo dark matter density over the mass range 2.3×10 −6 ≤ m a ≤ 3.4×10 −6 eV in a model where axions couple only to hadrons. This represents the first time that an experiment has ruled out axions over a portion of the allowed parameter space at prevailing model sensitivities.
Recently we have demonstrated the feasibility of reaching higher frequencies by constructing and operating a four-cavity array capable covering the frequency range from 0.8-2 GHz (Peng et al. 2000) . In the longer term, technological issues do not seem to prevent the eventual discovery or elimination of the axion as the halo dark matter candidate over the range 2.3×10 −6 ≤ m a ≤ 3.3×10
−4
eV at the lowest model sensitivity. Shown above is the halo density excluded by this experiment for KSVZ axions (opaque region) and DFSZ axions (overlaid cross-hatched region). --DBY 15 Nov 00. 
